Abstract: Direct bonding between PEEK (polyetheretherketone) and Pt was achieved at 150 °C via a vapor-assisted VUV (vacuum ultraviolet) surface modification method. X-ray photoelectron spectroscopy confirmed that the PEEK and Pt outer surfaces were modified with hydrate bridge layers. A model calculation of gas content during VUV irradiation suggested that the water vapor molar concentration should be optimized to no more than 0.088 mol/m 3 . The strain energy release rate calculation indicated that the energy required to debond the PEEK-Pt interface reached 270 mN/m, which was higher than the energy required to break the bulk PEEK (42 mN/m). SEM observation of fractured PEEK-Pt bonding agreed well with the calculation result that the fracture occurred within PEEK substrate. Thus, the PEEK-Pt bonding was considered strong enough. This technology is expected to be applied in biomedical MEMS applications.
Introduction


Biomedical MEMS (micro-electro-mechanical system) devices have attracted much attention because of their small size, low weight, low power consumption, low cost, and high reliability [1] . Polymers are playing a growing role in biomedical MEMS as packaging materials because of their wide processing versatility [1] [2] [3] [4] [5] . The human body is an aqueous environment with particular temperature and chemical corrosion. Thus, biomedical MEMS devices, especially implantable ones, must be durable. PEEK (polyetheretherketone) is a biocompatible thermoplastic polymer with excellent resistance to thermal, chemical, fatigue, moisture, and irradiation degradation [6] . Many studies have suggested PEEK as a replacement for human bones [7, 8] . Therefore, PEEK is a suitable alternative for implantable biomedical MEMS packaging materials, such as substrates that contain other devices. PEEK is an insulator; thus, fabricating and packaging electronic components, such as electrodes, on a PEEK substrate requires hybrid bonding between PEEK and metals.
Conventional PEEK-metal bonding is achieved by adhesion [9, 10] . However, this type of bonding is not intended for biomedical applications. Therefore, there is a risk of toxicity, and adhesion degradation due to the environment in the body may affect device reliability. Furthermore, the complex surface treatment before the adhesive application and the subsequent baking process result in a long turnaround time in MEMS fabrication, increasing the cost. Consequently, direct PEEK-metal bonding is necessary. Welding has been proposed for direct polymer-metal bonding [11] . However, the process temperature is higher than the melting temperature of PEEK, which may damage MEMS devices and cause severe problems via differential thermal expansion. Hence, a low-temperature process is required for direct bonding. To realize low-temperature direct PEEK-metal bonding, bondable surfaces must be created on both PEEK and the metal. In addition, the surface activation method should be compatible with PEEK and the metal surface to simplify the fabrication process.
In our previous work, we showed that VUV (vacuum ultraviolet) irradiation eliminated the initial surface organic contamination and created hydrate bridge layers [12, 13] . The hydrate bridge layers were formed by residual water molecule absorption after the VUV irradiation, and they helped to bond diverse materials tightly through a dehydration reaction [13] . The surface modification method was compatible with PEEK and metals. Furthermore, the quality of the hydrate bridge layers was considered to be controlled by adjusting the water molecule density in the VUV chamber. In our previous work, we used Pt, which is often used as an interconnection metal [14] , because it is bioinert and suitable for biomedical applications [15] .
In this paper, we propose a low-temperature direct PEEK-Pt bonding method via vapor-assisted VUV surface modification. We focus on the surface modification of vapor-assisted VUV. Five modification conditions were used on the PEEK surface and three conditions on the Pt surface. The changes in atomic concentration and chemical binding after vapor-assisted VUV were analyzed by XPS (X-ray photoelectron spectroscopy). Furthermore, the hydrate bridge layer structure was also discussed based on the XPS data. A shear test was introduced to evaluate bonding strengths between PEEK and Pt, and their strain energy release rate was discussed. The fracturing was observed by SEM (scanning electron microscopy).
Experimental
Sample Preparation
Pt substrates ( 99.5%; 10 × 10 mm, 0.3 mm thick) and PEEK substrates (10 × 10 mm, 0.5 mm) were polished with a Si-C polishing sheet to ensure a uniform initial surface morphology. The substrates were cleaned by successive ultrasonication in acetone, methanol, and pure water (Table 1) , although acetone was not used to clean PEEK because of the possibility of damaging the surface and increasing the roughness.
The substrates were placed in our vacuum bonding system, which also contained the surface activation equipment and XPS analysis equipment.
Bonding Apparatus
The vacuum bonding system is shown in Fig. 1 . The system consisted of a surface activation chamber, a standby chamber, a transfer chamber, an analysis chamber, and a flip chip bonding chamber. Each chamber had its own vacuum system. The surface activation chamber was equipped with a 172 nm VUV lamp (Ushio), which was 70 mm above the substrate surface. Information about the VUV lamp is given in Table 2 . An ultrasonic atomizer (made by Hodaka Co.) was connected to the surface activation chamber. This equipment was used to convert liquid water into vapor and introduce the vapor during the VUV process. The standby chamber had a high-vacuum environment of 10 -7 Pa in which the surface-activated substrates were stored temporarily. The analysis chamber was equipped with an X-ray photoelectron spectrometer (ESCA 1600, ULVAC-PHI). The X-ray source was
Al Kα (ħν = 1,486.6 V), the applied power was 450 V, and the relative angle between the X-ray source and the detector was 45°. The flip chip bonding chamber had a heater on the bottom of the lower sample stage.
Processes of Surface Modification and Bonding
A schematic of the bonding procedure is shown in Fig. 2 . The cleaned samples were placed in the surface activation chamber, the chamber was evacuated to 10 -4 Pa, and the vacuum pumps were stopped. N 2 and water vapor were introduced into the surface activation chamber successively, in the volumes shown in Table 3 , until the pressure reached -3 kPa. VUV irradiation was carried out for 10 min, and the chamber was evacuated to 10 -4 Pa. The surface-modified substrate was transferred into the flipchip bonding chamber. The substrates were flipchip vapor density), respectively, a(T) is water vapor density in the chamber, C Total is the total water vapor molecule molar concentration, RH is the relative humidity, and T is the temperature. The calculated water vapor densities and water vapor concentrations are also shown in Table 3 .
Analysis and Observation Methods
XPS analysis was performed for both Pt and PEEK substrates before and after VUV irradiation. The spectra were recorded at take-off angles of 15°, 30°, and 45° with respect to the surface normal, corresponding to analysis depths of 0.9, 1.7, and 2.4 nm, respectively, assuming an inelastic mean free path (λ) of 3.4 nm in polymers [17] . The pass energy in our experiment was set at 10 eV. The spectrum analysis was performed with MultiPak software (ULVAC-PHI). The spectra backgrounds were removed with Shirley background subtraction for transition metal peaks and linear background subtraction for non-transition metal peaks. The spectra were fitted by using synthetic Gaussian (80%)-Lorentzian (20%) components. After bonding, a shear strength test (4,000 series bond tester, Nordson) was conducted to evaluate the bonding strain energy release rate between PEEK and Pt. The shear speed was 50 μm/s and the maximum force just before fracture was recorded. In addition, the nominal bonding area was measured with Photoshop (Adobe) during the bonding strength calculation. The fractures were observed by SEM (NB5000, Hitachi).
Results and Discussions
XPS Analysis
The atomic concentration, core peak, and valence band were determined by XPS after each vapor-assisted VUV modification of PEEK and Pt. In addition, the clean PEEK and Pt substrates were used as references.
3.1.1 Atomic Concentration and Gas Model Calculation PEEK consists of carbon, oxygen, and hydrogen.
However, only carbon and oxygen were evaluated because it was difficult to quantify the amount of hydrogen directly. The equivalent ratio of the number of C to O atoms was used to evaluate the surface modification.
contains 19 carbon atoms and 3 oxygen atoms per monomeric unit. Thus, the equivalent ratio of the number of C to O atoms is 6.33. The equivalent ratios of the number of C to O atoms in vapor-assisted VUV modified PEEK under each set of conditions are shown in Fig.  3 . The curves for the equivalent ratios at 0.9, 1.7, and 2.4 nm increased with the increase of water vapor density. The lower the equivalent ratio, the more oxygen was contained in PEEK, and thus the more effective the modification was. Hence, the effect of the surface modification decreased as the water vapor density increased because the oxygen content in PEEK decreased. This result was explained by the Beer-Lambert law [18] , which states that light attenuation in a material is calculated by e
where, I 0 is the irradiation intensity of the VUV lamp, I is the irradiation intensity that reached the substrate surface, ε is the molar attenuation coefficient, c is the material molar concentration, and x is the irradiation distance. The molar attenuation coefficient was estimated as 2.5 × 10 7 cm 2 /mol from reference data [19, 20] . Thus, in our experiment, I was about 0.2% (Table 3 ). Solving Eqs. (8)- (10) gives
The O( 1 D) concentration, c O1D , is a function of water vapor molar concentration, c total , and c O1D decreases with the increase of c total . This calculation result matched the observed behavior of the equivalent ratio of the number of C to O atoms, which increased with the water vapor density indicating that the modification effect decreased. Therefore, when the water vapor concentration was too high that the VUV photon energy was totally consumed by it, the main mechanism of PEEK surface activation was O (  1 D) attacking the bonds on the PEEK surface.
PEEK Curve Fitting
Because bonding between two substrates was dominated by the surface conditions of the substrates, our curve fitting focused on the outer surface (0.9 nm). A C 1s spectrum of the untreated PEEK outer surface (0.9 nm) is shown in Fig. 4a for comparison. Figs.  4b-4f show the C 1s spectra of PEEK outer surfaces modified at water vapor volumes of 20%, 30%, 40%, 50%, and 90%, respectively. The untreated PEEK surface contained C x H y (284.8 eV, aromatic [25] [26] [27] [28] ), C-O (286.6 eV, hydroxyl [25] [26] [27] [28] ), and C=O (287.7 eV, carbonyl [25] [26] [27] [28] ). After the surface modifications, as shown in Figs. 4b and 4c , aliphatic C-C peaks with an energy gap of 0.8 ± 0.1 eV appeared [25] [26] [27] [28] . These aliphatic bonds were formed from low-molecular-weight materials [28, 29] , which were formed from the PEEK surface by VUV irradiation. In addition, these C-C peaks did not appear when the water vapor concentration was higher than 0.036 mol/m 3 . This result matched our calculation (Eq. (5)) that VUV photon energy was totally consumed if the water vapor concentration was higher than 0.036 mol/m 3 . In Figs. 4b-4f , the C=O peaks were converted into peaks with an energy gap of 4.6 ± 0.2 eV from the C x H y peaks and were assigned as carboxylate peaks [25] [26] [27] [28] . Since the chamber was filled with OH -ions and there were no other ions adding oxygen into activated carbonyl bond, these carboxylate peaks were COOH peaks. The COOH bond was considered to be formed by the OH -ion adsorption to VUV activated carbonyl bond as well as by the singlet oxygen O (  1 D) addition reaction to the aromatic ring [30] . Although hydroxyl functional groups were also formed during the modification, their chemical binding peaks overlapped with C-O peaks from the PEEK structure, and were difficult to identify. The results show that the outer surface of PEEK was modified with carboxyl functional groups.
Pt Curve Fitting
The curve fitting result for untreated Pt is shown in Fig. 5a for comparison. The Pt 4f spectra curve fitting results for VUV modification at water vapor volumes of 30%, 50%, and 90% are shown in Figs. 5b-5d , respectively. The curve fitting results were for the outer Pt surface to a depth of 0.1 nm (λ of 0.4 nm [17] ). In Fig. 5a where, G is the strain energy release rate and A is the crack area. Total bonding energy U and work associated with external forces V are calculated [34] by
where, σ is bonding strength, E is the Young's modulus, and L is the thickness of the substrate. Total bonding energy U is constant; thus, for a homogeneous material, the strain energy release rate can be written as G
For a heterogeneous material, we take the interface strain energy release rate as the average value of the calculated strain energy release rate from PEEK and Pt for convenience. Hence, the nominal and real interface strain energy release rate is (16) Ω (17) where, Ω is the ratio of the real bonded area to the nominal bonded area, which is between 0 and 1. Ω is estimated to be 0.1 to simplify the calculation. The interface strain energy release rates are summarized in Table 4 . For comparison, the surface free energy of PEEK was 42 mN/m. Hence, the bonding for the 90% water vapor volume sample had an interface strain energy release rate similar to the surface free energy of PEEK. In contrast, the interface strain energy release rate of the bonding for the 30% water vapor volume sample was approximately 10 times larger than that of the PEEK surface free energy. Thus, the energy required to debond the PEEK-Pt interface was larger than that required to break the bulk PEEK. Therefore, our vapor-assisted VUV modified PEEK-Pt bonding was sufficiently strong.
Fractured Substrate Observation
SEM images were taken of fractured PEEK-Pt bonding from the 30% water vapor volume sample. Fig. 7a shows the Pt surface after the fracture, and the insets show magnified images of points A and B on the surface. The EDX (energy dispersive X-ray) results indicated that a film was present on the Pt surface. Figs. 7b and 7c show EDX results for Pt_L and C_K from the area in Fig. 7a , respectively. Although Pt was present throughout the surface, the area containing the film had a lower Pt density (Fig.  7b) , which indicated that the film did not contain Pt. In addition, the surface covered with the film contained carbon, whereas the uncovered area did not (Fig. 7c) . Because the Pt surface did not contain carbon, the film material was PEEK bonded to the Pt surface. The observation result indicated that fractures were likely to occur within PEEK bulk than PEEK-Pt interface. Therefore, the bonding interface was stronger than bulk PEEK, which agreed well with the interface strain energy release rates calculated in the last section. Fig. 7 (a) 
